Co-translational protein targeting to the endoplasmic reticulum requires the signal-recognition particle, its cognate receptor and the translocation channel. Co-ordination of the targeting process necessitates the interaction of these components with each other and with the ribosome. These interactions are regulated by three GTPases, which act in concert, ensuring the fidelity of the targeting process.
Background
Secretory proteins are synthesized with a hydrophobic Nterminal signal sequence, which directs them into the secretory pathway. In eukaryotes, this first involves the targeting of the protein to the ER (endoplasmic reticulum), where it is translocated into the lumen. At least two different ER targeting pathways have been identified. The first, and experimentally the best defined, is the co-translational pathway [1, 2] . Here, the targeting and translocation process is tightly coupled to protein synthesis, such that it proceeds while the nascent chain is still being synthesized. For this to happen, the components of the targeting and translocation machinery have to interact with the ribosome itself. This mode of targeting brings the advantage of preventing the nascent chain from becoming folded/misfolded in the cytosol prior to translocation. This review is focused upon recent progress in understanding how the co-translational pathway is regulated.
The second pathway, which will not be discussed here, is the 'post-translational pathway' [2, 3] . This system, which has been particularly well studied in the yeast Saccharomyces cerevisiae, can be uncoupled from protein synthesis and involves targeting factors distinct from the co-translational pathway to deliver precursor proteins to the translocation channel. Properties of the signal sequence, in particular its hydrophobicity, determine which targeting pathway a particular protein utilizes [4] .
The targeting reaction
As the signal sequence emerges from the ribosome, it is recognized by the SRP (signal-recognition particle) [1, 5] . The SRP binds to the signal sequence ( Figure 1A ) and induces a transient retardation in protein synthesis, termed 'elongation arrest' [6] . This slows down synthesis of the nascent chain, prolonging the time during which it is competent to be targeted to the membrane. SRP then targets the ribosome, together with the nascent chain, to the ER. This is mediated by the interaction of SRP with the SR (SRP receptor), a heterodimeric integral ER membrane protein [7] ( Figure 1) . SR catalyses the transfer of the RNC (ribosomenascent chain) complex from SRP to the translocation pore, formed by the Sec61p complex [2, 8, 9] . This releases the block in elongation, and translation resumes with the newly synthesized chain passing through the translocation pore into the ER lumen.
The targeting machinery
SRP is a ribonucleoprotein particle composed of a 300-nt 7 S RNA molecule and six polypeptides with masses of 9, 14, 19, 54, 68 and 72 kDa [1, 5] (Figure 1B ). SRP has a flexible rod-like structure, organized into two domains, which can be separated by mild ribonuclease treatment [10] . The S-domain comprises helices 6-8 and part of helix 5 of the 7 S RNA together with SRP19, SRP54, SRP68 and SRP72. The Aludomain includes SRP9, SRP14, RNA helices 2-4 and the remaining part of helix 5. Signal sequence binding and interaction with SR is mediated by components of the S-domain, and in particular SRP54, which contains the binding site for the signal sequence and also contacts SR directly [11] [12] [13] . In contrast, the Alu domain is responsible for elongation arrest [14] .
Homologues of SRP and SR exist in prokaryotes, where they function to insert integral membrane proteins into the inner membrane, and transport secretory proteins across it into the periplasmic space [15] . Bacterial SRP is simpler than its eukaryotic counterpart, being composed of an SRP54 homologue (Ffh) and a 114-nt 4.5 S RNA with identity with helices 5 and 8 of the 7 S RNA ( Figure 1B) . Consistent with the lack of an Alu domain, bacterial SRP does not induce elongation arrest. Bacterial SR is composed of a single polypeptide, FtsY, a homologue of the α subunit of SR. 
Signal sequence recognition
SRP can bind to all ribosomes independently of a signal sequence with a modest affinity (K d ≈ 70 nM) [16, 17] . However, SRP has an approx. 9-fold higher affinity for ribosomes that are actively translating [17] , indicating that it can discriminate between active and inactive ribosomes. Consistent with this, SRP has been shown to interact with the ribosome at a distinct stage in the translation cycle [18] . Once the signal peptide emerges from the ribosome, the affinity of SRP for the RNC complex increases considerably, to ≈0.2 nM [17] . Such a two-phase binding to ribosomes led to the proposal of a 'sampling model', whereby SRP binds dynamically to ribosomes and scans the nascent chain for the presence of signal sequences [18] . This explains how SRP can function efficiently despite the 10-100-fold excess of ribosomes over SRP [18] .
Progress has been made recently in identifying where on the ribosome SRP binds. Cross-linking has been used to their arrangement into the different contact sites. SRP54 could be cross-linked to L23a and L35 (dark grey). The Sec61p complex forms four contacts with the ribosome (black): C1 involving L19 and helix 59 of the 28 S rRNA; C2 involving L19, L23a and helices 53 and 50; C3 involving L26 and helix 24; and C4 involving L23a, L35 and helix 7. Note the overlap between the SRP54-interaction site and C4 of the Sec61-binding site.
probe the molecular environment of SRP54 when SRP is bound to the ribosome. SRP54 could be cross-linked to ribosomal proteins L23a and L35 [19] . These proteins are located together on the surface of the large ribosomal subunit close to where the nascent chain emerges from the ribosomal exit tunnel [20, 21] (Figure 2B ). This location of SRP54 on the ribosome rationalizes previous data, which revealed that SRP54 contacts the signal sequence shortly after it emerges from the exit tunnel [22] . The positioning of SRP54 relative to the ribosome appears to be largely independent of the presence of a signal sequence, as SRP54 can be cross-linked to L23a and L35 when bound to RNCs which lack a signal peptide [19] . Therefore SRP54 is orientated on the ribosome such that it can sample the emerging nascent chain for signal sequences, in accordance with the scanning model. Similar cross-linking studies revealed that the bacterial SRP54, Ffh, could be cross-linked to the ribosomal homologue of L23a, L23 [23, 24] (Figure 2A ). Gu and colleagues [23] used cross-linking probes introduced at specific sites in Ffh via unique cysteines. Cross-linking to L23 was only observed from positions in the N-domain, suggesting that this domain may interact directly with the ribosome.
RNA cross-linking studies using bacterial SRP identified a contact between residue 84 of the 4.5 S RNA ( Figure 1B) and residues 2828-2837 of the 23 S rRNA in the large subunit [25] . This site is located relatively close to the exit site, below the L7/L12 stalk (Figure 2A ). This position of the 4.5 S RNA is compatible with the cross-link between Ffh and L23, although the 4.5 S RNA would have to be in an extended conformation to bridge both sites [23] . The RNA cross-link was formed only in the presence of a nascent chain, again indicating that SRP senses actively translating ribosomes [25] .
SRP54 is a GTPase and it has been shown that when SRP binds to the ribosome, the affinity of SRP54 for GTP is increased [26] . This is mediated by a component of the ribosome rather than by the signal sequence itself. As SRP54 must bind GTP in order to interact with the SR [27] , the ribosome has been proposed to act to prime SRP54 [26] . The ribosomal component responsible for priming remains obscure, although cross-linking of SRP54 to L35 correlates with activation of SRP54 and is therefore a strong candidate [19] . Although the activation mechanism is unclear, the increase in affinity for GTP, but not GDP [26] , suggests there may be rearrangements around the γ-phosphate of the bound nucleotide. Interestingly, when free SRP54 binds GTP, the γ-phosphate is kinked away from the canonical position, observed in other GTPases [28] . An attractive possibility is that ribosomal activation involves changes in SRP54, which reorientate the γ-phosphate into the canonical position.
To date, no other components of SRP have been localized with respect to the ribosome. The Alu domain has been proposed to interact with the elongation factor-binding site at the subunit interface, where it can antagonize translation [29] . SRP is ≈230 Å in length, which is long enough to span the distance from the exit site, where SRP54 is positioned, to the elongation factor-binding site (≈160 Å ) [30] . The extreme C-terminus of SRP14 is essential for the elongation arrest, suggesting that it might interact with a component of the ribosome [31, 32] .
Docking at the membrane
SRP targets the RNC complex to the membrane via its interaction with SR. As mentioned above, this reaction requires SRP54 to be loaded with GTP (Figure 1 ). Both the α and β subunits of the SR are also GTPases. The GTPase domain of SRα is closely related to that of SRP54 and likewise has a low affinity for nucleotide (K d ≈ 14 µM). Contact of SRP54 with SRα induces nucleotide binding to SRα [27, 33] (Figure 1A ). SRP RNA is required for this interaction and functions catalytically, accelerating the formation of the SRP-SR complex [34, 35] . GTP binding to SRP54 and SRα is necessary but not sufficient to release the nascent chain from SRP54 [27, 36] . The presence of the Sec61p complex is required to induce release of the nascent chain from the primed SRP-SR complex [36] . Limited proteolysis of microsomal membranes indicated that cleavage of the cytoplasmic loops of Sec61α correlated precisely with a block in the release of the signal peptide from the SRP-SR complex [36] , inferring that Sec61α triggers transfer of the RNC from SRP to the translocon. SRβ must also bind GTP for the nascent chain to be transferred from SRP to the translocon [37, 38] . SRβ appears to interact with the ribosome, leading to a reduction in its affinity for nucleotide and increase in GTP hydrolysis [39] . Furthermore, SRβ could be cross-linked to an as yet unidentified protein of the large subunit in the absence of nucleotide or with GDP but not with GTP [38] . This interaction was not observed in the presence of the Sec61p complex. This led to the proposal that the ribosome regulates nucleotide binding to SRβ such that it stabilizes the nucleotide-free form of the protein. The presence of the Sec61p complex antagonizes the SRβ-ribosome interaction, thereby permitting nucleotide binding to SRβ. This suggests that SRβ acts to co-ordinate release of the signal sequence from SRP with the presence of the translocon.
Recent data obtained using the yeast SRβ, without SRα, have suggested an alternative model, whereby the translocon directly induces GTP binding to SRβ. Helmers and colleagues [40] reported that the cytosolic domain of Sec61β acts as a nucleotide exchange factor for SRβ. However, if this model is correct, it is not completely clear why yeast strains lacking both copies of Sec61β exhibit translocation defects which are slight and distinct from the much more severe phenotypes of SRβ mutants [37, 41] . Moreover, experiments using proteolysed canine microsomes indicated that cleavage of Sec61α, but not Sec61β, blocked the release of the nascent chain from SRP [36] . Thus, while it appears likely that the translocon induces nucleotide binding to SRβ, further experiments are required to pinpoint precisely which component(s) is(are) responsible.
Bacteria do not possess a homologue of SRβ. The Nterminus of SRα, which interacts with SRβ, is replaced by a lipid-binding domain in FtsY [42] . FtsY is found both free in the cytosol and associated with the inner membrane [43] . Binding to anionic phospholipids appears to trigger a conformational change in the GTPase domain of FtsY, thereby activating it when it contacts the membrane [42] . It is not clear why the eukaryotic SR requires an additional GTPase. It may be that the targeting reaction must be more tightly regulated in eukaryotes and that this is provided in two ways: first, by the elongation arrest activity of SRP, retarding synthesis during targeting; and secondly, by SRβ co-ordinating the release from SRP with the presence of the translocation channel.
Transfer to the translocon
The translocation channel bound to the ribosome has recently been visualized by cryo-electron microscopy. The channel forms a doughnut-shaped structure bound to the surface of the ribosome around the exit site. The indentation in the translocon, which most likely forms the aqueous channel through which the nascent chain passes, is aligned with the ribosomal exit channel [44, 45] . Four strong contacts are observed between the ribosome and the translocon (see Figure 2B for details) [44] [45] [46] . Intriguingly, the strongest of these contacts is centred upon ribosomal proteins L23a (Rpl25p in yeast) and L35 ( Figure 2B ) [45, 46] . These are the very proteins that are proposed to form the SRP54-binding site, indicating that the SRP and Sec61 ribosome-binding sites at least partially overlap. Consistent with this, SRP has been shown to block binding of RNCs to the Sec61p complex in the absence of either SR or GTP [22, 34] . Only in the presence of both SR and GTP can the ribosome bind to Sec61p complex. Cross-linking studies revealed that in the presence of SR and p[NH]ppG (guanosine 5 -[β,γ-imido]triphosphate), SRP54 remains in proximity to the nascent chain and L35 but distal to L23a [19] . The formation of the primed RNC-SRP-SR complex appears to lead to the reorientation of SRP54 relative to the ribosome. An attractive model would be that this rearrangement permits approach of Sec61p to the ribosome, while retaining SRP and the nascent chain in proximity so that the signal sequence can be readily transferred to the translocon [19] . Experiments using a targeting assay, which is independent of SRP, indicate the translocon itself can recognize the signal sequence [22] . This suggests that the signal sequence is transferred to a specific binding site in the Sec61p complex [22] .
Displacement of SRP from the ribosome may also involve an expansion element of the 28 S rRNA (ES27), which forms a 150 Å helix close to the exit site. Binding of the translocon to the ribosome induces a dramatic repositioning of ES27, involving a 90
• rotation [45] . This might provide a further mechanism that promotes release of SRP from the ribosome, although alternative functions, such as recruiting processing factors to the translocon, are also possible [45] .
GTP hydrolysis
Nucleotide hydrolysis is required for multiple rounds of targeting; however, a single round can occur in its absence, as evidenced by the ability of p[NH]ppG to support targeting [47] . SRP54 and SRα act as reciprocal GTPase-activating proteins, stimulating GTP hydrolysis in each other [27, 48] . Once nucleotide hydrolysis has occurred, SRP dissociates from SR permitting further rounds of targeting [47] . GTP hydrolysis by SRβ is poorly understood. It is neither clear when hydrolysis in SRβ occurs, nor how it is regulated. However, considering SRβ's intrinsically low GTPase activity, it is likely that hydrolysis will involve a GTPaseactivating protein [49] .
Conclusions
The co-translational targeting machinery provides an example of an exquisite regulatory network that serves to coordinate protein synthesis with targeting and translocation. SRP54 is activated upon signal sequence recognition at the ribosome. Arrival of the SRP-RNC complex at the membrane then triggers activation of SRα. Activation of the third GTPase, SRβ, is dependent upon the presence of the translocation channel. The interaction of these three molecular switches ensures that the events of targeting occur in the correct sequence, such that the signal sequence is recognized, targeted to the membrane and then released into translocation channel.
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